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(54) Class-D amplifier with enhanced bandwidth 

(57) A class-D amplifier comprising an input inte- 
grating stage (Op-Amp, Rl, C), a modulating stage 
(PWM) of the Integrated input signal output by said in- 
tegrating stage, using as a carrier an altemate waveform 
( W/) of a frequency (fei*), sufficiently higher than the fre- 
quency band of the analog input signal, outputting a dig- 
ital signal switching between a positive voltage (+Vfcc) 
and a negative voltage (-l/cc), and whose average value 
{Vo) represents an amplified replica of the input analog 
signal, an output power stage (BUFFER), producing an 
output digital signal (Vout), a feedback line constituted 
by a resistor (Rg connected between the output of said 



output power stage (BUFFER) and an input node of an 
operational amplifier (Op-Amp) constituting said inte- 
grating stage, and a low pass filter reconstructing an out- 
put analog signal (Wb). further comprises a delay stage 
(DELAY rd), functionally coupled in the direct path of 
propagation of said digital signal from the output of said 
PWM stage to an input of said output power stage 
(BUFFER), delaying said digital signal by a delay (TO) 
whose value is defined in function of a desired broad- 
ening of the bandwidth and in consideration of the cor- 
responding restriction of the range of variation of the du- 
ty-cycle of the output digital signal. 



< 

CM 

o 



^— lAAAr- 



R2 
■VWV- 



12 



inn 



In.— M 




OPAflt 



OUT 



VripplB 



inn I^'dwu 



inn j^pwM 

M 



OUT 



vcci"|" 



OEUY 



Td 



Td 



BUFFER 



Vout 



M. 



vcc 
vcc 



Low Pass 
Filter 



VO 



FIG. 6 



Q. 



Printed by Jouve. 75001 PARIS (FR) 



5 



10 



20 



25 



30 



35 



40 



45 



SO 



55 



EP 1 049 247 A1 

Description 

FIELD OF THE INVENTIQM 

[0001] The present inventfon relates to Class-D PWM amplifiers. 
STATE OF THE ART 



[0002] Fig. 1 shows the typical scheme of a Class-D amplifier 

fn°2? , "^^'^jyP^.f \«^P'*^ier is a welLknown PWM system (re: K, Nielsen. -Review and Comparison of PWM methods 
for analog and digital input switching power amplifiers" AES 22-25/3/97) methods 
[0004] The operation of the amplifier is depicted in Fig. 2. 

[0005] The input signal (Vin) is compared with a waveform, most often triangular (Vtr) having a relativelv hiah fre- 
quency feivmuch higher than the frequency band limit of the amplifier. relatively high fre 

i'^LI voS^^ ' ^""'^ ^^^'^^ ^"^"'^^^^^ ^^9"^' ^"^^^^"9 - P-*tive voltage iVcc) and 

l^^ ^""T^^. '^""^ "^'9'^^' ^'Sna' represents an amplified replica of the analog input signal 

and may be easily calculated with the following equations: k k « ofiaiog mpui signal 



Vo = G' Vin 



(1) 



(2) 

mnnAi ^ th ^^^^ '^^^'^"^^ (triangular) wave and G is the voltage gain of the amplifier. 

J™ J^^^;;^^'^^^^^^^^ ^oan6 Wnis thereby theoretically linear. In practice though this is not true because 

^^^^ ^^^^^ -V P^-'- - — eptable amount of dis- 

S Its:; f^^^^^^^^^^^^ F^^^^ "^-^'^'^ ^ 

SSlLLe^J^T '^^V^^ ^""^'T ^^^'^^ integrating capacitor C must be null during a switching period 

to the current on the mput resistor /?7 and therefore: ««*<ucii 



'^^^^^fl^ (4) 

where Gc is the closed loop gain of the system. 

i°?„?]ri,I!l!; T" ^^J^'°°P°^ »he system may be easily calculated by analyzing the scheme of Fig. 4. wherein 

Sn^ar " '''^ «'^°rt-<='^«"it«i ground and the PWM stage subsltad with a 

linear block with a gam Vcc^Wr (re: equation 2). 

f^!f\ input resistor flr has been neglected because, at the frequencies of interest, the negative input of the 

LndS^^^^^^ ' T"' ^'"T ^'"'^"'^ '"^^9"*'"^ ^ ^^P^^^^"^^ -^^-^-'y 'ow impedance) 

and therefore there is not any significative voltage drop on the input resistor R1 y y ) 

[0014] The open loop gain Gloop and the unity gain frequency are thus respectively defined by: 

^^^^"vir'Tm^c (5) 

« 271* Vtr 'RZ'C (6) 
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l^lll l^^ .^^^'^"^ ^ ^'^"'"'y «^^' '"""s the system's bandwidth. 

TO S S^^Sl^?^"' r^'*"" """^liOy OwiolM m the dl.9,ms ol Fig. 5. 

1001 9j By converting this concept into formulas: ^ 

P, = 4 ■ Wr . feiv (slope of triangular waveform) (7) 
„ _ 1 r Fee Vm^ 

^''cV^"E) ripple) (8) 
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[0021] From equations (3), (4): 



Vin --^ 

G/ (9) 



[0022] Therefore, the maximum p2 value is given by: 



p, ~L.(^^c Vcc ) Vcc ( I ^_\\ Vcc r, R2 \ 



[0023] Therefore, the limit condition is: 



Vcc R2 ^ 

[0024J Considering equation (6). this condition may be rewritten as: 

^ TTTI^O (12) 



f <^ 

n (13) 



OBJECT AND SUMI\/IARY OF THE INVENTION 



Shi.?"r°"^^t^^^ these limitations and drawbacks of known amplifiers, a manner has now been found to over- 
come this limiting critical condition and allow for an extended bandwidth at the expense of a negligible reductionTthe 
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range of variation of the duty-cycle of the digital output signal 

i^LTof tS^inZ'^MH^' r^'^"' ^'°P« triangular wave is lower than the 

StT ™r ir^nnJ f '"''^ ^'^T """'^'^ "^""'"^ """"^"^ ^^^^^'^'^^ ^^^^^'"9« the Output signal 

2S J^^^^^^ introducing a certain delay on the direct signal path, downstream of the 

thro^Tall^^^^^^^^ 

[0028] The invention is defined in claim 1 . 

[0029] The various aspects and effects of the Invention are described with more details in the tollowina descrlotlon 
of an embodiment and with reference to the attached drawings. Tonowing description 

BRIEF DESCRIPTION OF THE DRAWINGS 



[0030] 

Figure 1 shows the basic scheme of a class-D amplifier; 
Figure 2 shows the characteristic waveforms of a PWM amplifier; 
Figure 3 is a functional block diagram of a class-D amplifier of a known type- 
Figure 4 is a simplified open loop analysis model of the amplifier of Fig. 3; 
Figure 5 shows diagrams illustrative of the stability limit of a known amplifier- 
Figure 6 is a functional block diagram of a class-D amplifier according to the present invention- 
Figure 7 IS a diagram illustrating the effect of the delay introduced according to the present invention- 
Figure 6 IS a scheme of the functioning conditions of the amplifier of the invention- 

forrwitton^r '^-^ "'■^''iT;" '^'''^ ^^"^^^^ "PP'^ '""^ «»°P« the triangular wave- 

form without causing instability problems; 

Figure 10 shows the characteristic of bandwidth increment in function depending of the introduced delay- 
Figure 1 1 shows the characteristic of bandwidth increment in function of the maximum duty-cycle- 
Figure 12 shows a possible embodiment of the delay circuit; ' 
Figure 13 shows the wavefomis of the delay circuit for a duty-cycle of 50%; 
Figure 14 shows the wavefomns for a duty-cycle close to its maximum limit. 

GENERAL DESCRIPTION OF THE INVENTION 

[0031] The functional diagram of a class-D amplifier according to the present invention is shown in Fig 6 By way 
of comparison with the diagram of Fig. 3 of an amplifier realized according to know techniques, the only elemSitS 

and, preferably, before the output power stage BUFFER. 

[0032] The functioning with and without the introduction of the delay Td is shown in Fig. 7 It may be immediately 

Zl:^^^^^: '"rr'"" 1 ^ '"""^ "■"^^""^ '^^ ^^^'^"^ '° satisfactorily even with a la geTsC^J^ 
r^oS'^ J"^ ^ " °' «^«"9"'^f without causing spurious switchings of the output 

Sinn r r mI"'^*^ calculation of the improvement of the bandwidth limit when using the delay block of the 
7!^ considered that the Introduction of the delay changes the PWM stage gain (the larger is the 

T^T^ l ? "!?' °' ^ '^"'^"^ ^ ^^'^^ ^'^^'^'"S '° P'«^«"l '"v«nti°n. coincides with that of ar^ 
average duty-cycle and not with that of maximum or minimum duty-cycle as it was the case in a known system 

Bandwidth calculation 

[0034] The Starting hypothesis is the following. 

K?r.tL^! modulator may be considered, for bandwidth calculation, as a linear block with a voltage gain given 
by the ratio between the average of the output signal and the average of the ripple signal 
[0036] The calculation entails three steps: 

1) expressing the PWM modulator gain as a function of the delay; 

2) defining the stability conditions; 

3) calculating the maximum bandwidth allowed. 

[0037] Fig. 8 indicates the parameter notation adopted for the analysis and calculation. 



4 



EP 1 049 247 A1 

1) Gain of the PWM modulator 

[0038] The following equations among the parameters involved area readily veriHed: 

p1=p(1-eO P2=pd pt = A\nrfsw Toff={l.d)/fsvv p = 2VccA 

l^»n/nf«!,^^, '^^'^'T^- ^'P ^'°P^ °' ripple for d=0.5. pt is the slope of the triangular wave. Vtr is the peak 

[0039] By using these equations, it is useful to express the voltages VI and V2 of Fig. 8 with geometrical consWer- 
ations and thereby the average voltage of the ripple signal geometrical consider- 

[0040] The result is that the voltage gain of the PWM modular, as defined in the starting hypothesis, is given by: 

'^PWM = % U^^fj^) (14) 

2) Stability conditions 

[0041] It is useful to introduce a new parameter defined by: 

Pt 

(M42] Therefore.2*arepresentstheratioofthecalculateds[opeoftheripplewilht/=a5andthes!opeofthetriangular 
pSms^^"^" '° maximum admissible value of the parameter a without generating stability 

[0044] With reference to Fig. 8, the stability condition is given of course by the equality V2= Vtr. 
IT^L ^^?^'T?J"^ ^^'^ condition, in order to guarantee the stabilrty throughout the whole range of variation of 
he duty-cycle field, he ratio a must be less than the limit value amax., whose value is shown in the diagram of Fig 8 

S pSiemT ^ "^'^^ °' ^ ^ " °' ' "^^ implemented without any 

3) Maximum allowed bandwidth 

!?J unit„ ^'"^ ^^^"^'^ hypothesis on the PWM modulator gain, it follows that the bandwidth of the system (that Is 
the unity open loop gam frequency) is given by: ^ 

f _ ^PWM 

^0~"2^r7 (15) 
[0048] Using the equation (14), the equation (15) may be rewritten as a function of the a parameter: 

f _ fsw g 

0 n '^+{2^Td^fswya (16) 

SJwJ H.!'?''!/^'if". represents the maximum bandwidth with Td=0. an expression of the bandwidth Improvement (6 
factor) due to the delay introduced may be expressed as: 

^ fsw 1+(2.rGr.few).a (17) 
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[0050] By Introducing the equation (17) the maximum value of the a factor tor a certain delay Tcf (re: Fig. 9). the 

maximum bandwidth increment of the bandwidth {^max.) for the considered delay Td may be calculated. 

[0051] Fig. 10 shows the bandwidth improvement factor ^ as a function of the delay (for a switching frequency 

fsw=200KHz). 

5 [0052] For example, with a delay of 300ns the improvement is of about 60%. 

[0053] In any case, the maximum usable delay is upper limited by the maximum duty-cycle at a certain switching 
frequency. 

[0054] Indeed, in order to obtain for example a duty-cycle of 90% at a switching frequency of200KHz, the introduced 
delay should not be larger than 500ns, that is to say not greater than Toff=(i-d)/fsw. 
10 [0055] Beyond this limit, the system would start to skip cycles, reproducing "too high" duty-cycle situation, 

[0056] Thence, it may be useful to express the bandwidth increment as a function of the maximum allowed duty-cycle. 
[0057] This relation Is shown in Fig. 11. 

[0058] With reference to the characteristics of Fig. 11 , for example, for a delay Td=250ns at a switching frequency 
fsw=200KHz, the duty-cycle may range between 5% and 95% without skipping phenomena and with a bandwidth 
IS improvement factor of 1 .5 referred to an amplifier made according to the prior art. 

EXAt^PLE OF AN EMBODIMENT 

[0059] In practice, it is requested to realize a circuit that reproduces at an output a delayed replica of the PWM input 

20 signal. 

[0060] Given that the delay Td to be introduced may be larger than the minimum time Ton (or Toff) of a phase of the 
PWM input signal, it is necessary to use two independent voltage ramps, respectively starting with the rising edge and 
with the falling edge of the digital input signal. 

[0061] Fig. 12 shows a possible circuit diagram of the delay block that is introduced in the direct signal path of the 
2S PWM signal in an amplifier realized according to the present invention. 

[0062] By referring to the scheme of Fig. 12. on the nodes A and A there exist respectively the ramp starting with 

the rising edge of the input signal and the ramp starting with the falling edge of the input signal. 

[0063] The slope of the voltage ramps is given by -l/C, where / Is the discharge current of the capacitor C. 

[0064] In order to better comprehend the functioning of the circuit, reference may be made to the waveforms of Fig. 
30 1 3, which illustrate a whole switching period with an input signal with a duty-cycle of 50%. 

[0065] When the input signal goes high, the FF1 flip-flop is set and the capacitor Cis discharged at a constant current /. 

[0066] The voltage on the node A starts to decrease with a constant slope !/C. 

[0067] When the voltage on the node A reaches the threshold Vth of the inverter, the voltage on the node B switches 
high and the FFq input flip-flop is set. 
35 [0068] By way of simplicity, the Inverters are symmetrical (that Is Vth=Vs/2, being Vs the supply voltage), therefore 
the delay is given by; 



40 



so 



[0069] Under these conditions, with the node 8 in a logic high state, the reset of the flip-flop FF1 takes place when 
the input signal goes low. The reset of FF1 determines the reset of the voltage ramp (the node A switching to a high 
logic state). 

[0070] Similarly, it may be readily comprehended also the functioning of the tower branch of the circuit, starting from 
4S a falling edge of the input signal. 

[0071] Fig. 14 illustrates a condition when the duration of the high input phases Ton is shorter than the delay Td. It 
may be obsen/ed that in this case, the reset of the FF1 flip-flop follows directly the rising edge of the voltage on the 
node B. Therefore the duration of the set pulse of the output flip-flop FFq Is determined solely by the delay of the flip- 
flop FF1 and of the pair of inverters. 



Claims 



1. A class-D amplifier comprising an input integrating stage (Op-Amp, R1, C), a modulating stage (PWM) of the 
ss integrated input signal output by said integrating stage, using as a carrier an alternate waveform (Vtt) of af requency 

(fsw), sufficiently higher than the frequency band of the analog input signal, outputting a digital signal switching 
between a positive voltage (-hVcc) and a negative voltage (-Vcc). and whose average value {Vo) represents an 
amplified replica of the input analog signal, an output power stage (BUFFER), producing an output digital signal 
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FIG, 13 
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